ABSTRACT: Ghrelin, an enteric hormone with potent appetite stimulating effects, also stimulates growth hormone release. We hypothesized that altered levels of total ghrelin (TG) or acylated ghrelin (AG) could affect growth by altering growth hormone secretion, subsequently affecting insulin-like growth factor-1 (IGF-1) generation or by altering appetite and food intake. After institutional review board approval, 52 children presenting for evaluation of chronic gastrointestinal symptoms (group 1), poor weight gain (group 2), or poor linear growth (group 3) were evaluated for fasting TG and AG levels in addition to their regular evaluation. Serum ghrelin, IGF-1, and prealbumin were compared between groups. No difference was observed for mean fasting TG between groups. However, mean fasting AG was highest in patients in group 2 (465 Ϯ 128 pg/mL) versus group 1 (176 Ϯ 37 pg/mL) and group 3 (190 Ϯ 34 pg/mL). IGF-1 was lowest in patients in group 2 despite similar prealbumin levels among the three groups. We conclude that serum AG levels are highest in children with isolated poor weight gain compared with children with short stature or chronic gastrointestinal symptoms, suggesting the possibility of resistance to AG in underweight children. Additional studies are needed to further clarify ghrelin's role in growth and appetite. (Pediatr Res 69: 517-521, 2011)
M any children are referred to pediatric endocrinologists and gastroenterologists for evaluation of poor growth. There is often considerable overlap in the clinical presentation of patients given the diagnosis of "failure-to-thrive," or "growth failure" with some patients presenting with poor linear growth, others with poor weight gain, and some with both. In addition, children with poor linear growth are often poor eaters and have gastrointestinal symptoms (1) .
Extensive workup, including a broad panel of screening laboratories looking for the causes of poor growth, often fails to reveal an underlying diagnosis. Therefore, there has been considerable interest in finding a definable link between poor weight gain and poor linear growth. Ghrelin, a hormone that is not routinely measured in this clinical setting, could theoretically have a role in both poor growth and gastrointestinal disease.
Ghrelin is an enteric hormone with potent orexigenic and adipogenic effects, and it is also a potent stimulator of growth hormone release, mediated by the growth hormone secretagogue receptor (GHSR) type 1A (2) . Ghrelin is produced predominately by the stomach and serves to stimulate appetite and regulate positive energy balance (2, 3) . In addition to serving as a potent stimulator of growth hormone release in synergy with growth hormone releasing hormone, ghrelin stimulates prolactin and adrenocorticotropic hormone (ACTH) secretion, modulates insulin secretion and sensitivity, and stimulates gastrointestinal tract motility (3) .
Studies have reported a potential role for ghrelin in children with Helicobacter pylori infection, a gastrointestinal disease that has been associated with poor growth (4) . Some studies have shown that tissue concentrations of ghrelin are decreased in the stomach in the presence of H. pylori infection, whereas others have shown that serum levels of acylated ghrelin (AG), the active form of the peptide, are decreased (5-7). Other studies dispute these findings (8) . Of particular interest, there are several other gastrointestinal diseases in children that may present with poor growth as a presenting symptom, including celiac disease and inflammatory bowel disease. Many patients with these disorders have nonspecific symptoms such as abdominal pain, dyspepsia, or poor appetite (9) . It is still unknown how ghrelin levels are altered in these disease states. Thus, the potential relationships between gastrointestinal disease, ghrelin, growth, and appetite are still unclear.
Underweight children have been found to have elevated ghrelin levels, but only one study has shown low height SD score (SDS) as an independent determinant of elevated AG levels in children with idiopathic short stature (10, 11) . Recently, in several patients, however, a missense mutation resulting in a complete loss of GHSR constitutive activity has been implicated in short stature with dominant transmission (12) . A syndrome of recessive isolated growth hormone deficiency caused by mutations in the ghrelin receptor has also been reported (13) .
We hypothesized that ghrelin could affect growth by two separate mechanisms: 1) by altering growth hormone secretion and subsequently affecting insulin-like growth factor (IGF)-1 generation or 2) by stimulating appetite and food intake. The goal of this study was to test the first part of this hypothesis by determining how total ghrelin (TG), AG, and IGF-1 levels are altered in children with short stature and/or poor weight gain. Therefore, we measured serum TG, AG, and IGF-1 levels to determine whether they are altered in children with these conditions. Currently, it is thought that AG is more important than TG as a marker of ghrelin activity (14) .
METHODS
Patients and measurements. All children who presented over a 6-mo period for their initial evaluation of isolated gastrointestinal symptoms, poor linear growth, or poor weight gain to the Tripler Army Medical Center pediatric endocrinology and pediatric gastroenterology clinics and who subsequently required additional fasting laboratory workup were evaluated for fasting serum TG and AG levels in addition to their standard of care workup. All ghrelin levels were drawn fasting at 0800 h. Children who presented for similar symptoms but who did not require additional laboratory workup or who did not require fasting laboratories were excluded.
Patients were divided into three groups according to their presenting symptoms: 1) isolated gastrointestinal symptoms without affects on growth or weight gain, 2) failure-to-thrive (predominantly poor weight gain), and 3) short stature (or proportionally small height and weight). Patients with chronic gastrointestinal symptoms, defined as symptoms of gastrointestinal disease for greater than 6 wk or recurrent symptoms but normal stature and growth, were included in group 1.
To be included in the failure-to-thrive group (group 2), subjects must have had poor weight gain, defined as weight less than Ϫ2 SD for gender and age or less than expected rate of weight gain for gender and age. To be included in the short stature group (group 3), subjects must have had short stature, defined as height less than Ϫ2 SD for gender and age or an abnormal growth velocity for gender and age.
Patients who were affected in both weight and height were stratified by which measurement was more severely affected, with poor weight gain being the primary problem in the failure-to-thrive grouping (group 2) and poor linear growth being the primary problem in the short stature group (group 3). Patients who were proportionally small, in that their height and weight were both affected to an equal degree, were included in group 3, as they were not underweight for their height percentile.
Routine data collected on all patients to rule out treatable causes of poor growth included IGF-1, thyroid-stimulating hormone (TSH), free thyroxine (FT4), complete blood count (CBC), chemistry, prealbumin, and celiac disease testing, which at our institution includes tissue transglutaminase IgA and total IgA. In addition, because H. pylori disease has been associated with poor growth and possibly lower ghrelin levels, H. pylori antibody was measured on all patients. Additional studies sent on each patient were determined by the patient's provider, including bone age or perceived need for further workup (karyotype for females, endoscopy, etc.).
The study protocol was approved by the institutional review board (IRB) at Tripler Army Medical Center. Written informed consent was obtained from legal guardians of children recruited into the study. Written assent was also obtained from all children older than 7 y as required by our IRB. Investigators adhered to the policies for protection of human subjects as prescribed in 45 CFR 46.
Hormonal assays. TG and AG levels in patient serum were determined via commercial kits using RIA (catalog numbers GHRT-89HK and GHRA-88HK, respectively; Linco Research, St. Charles, MO) using a standard curve of known concentration of purified 125 I-labeled ghrelin peptide. Intra-and interassay coefficients of variation reported by the manufacturer were 4.4 -10% and 14.7-16.7% for TG, respectively, and 6.5-9.5% and 9.6 -16.2% for AG, respectively (for conversion to SI units: pg/mL ϫ 3.371 ϭ pmol/L for active ghrelin; pg/mL ϫ 3.189 for des-AG Ϫ total ghrelin measures both AG and des-AG). IGF-1 serum levels were determined by immunochemiluminometric assay at Quest Diagnostics Nichols Institute (San Juan Capistrano, CA). Serum prealbumin levels were run at the Tripler Army Medical Center main laboratory by immunoturbidimetric assay. The remainder of the routine screening tests was run in the Tripler Army Medical Center main laboratory.
Statistical analysis. Based on a previous study, it is assumed that the normative mean for ghrelin in Tanner I subjects will be 900 pg/mL with a SD of 200 pg/mL (15) . It is also assumed that the SD of ghrelin levels within the three patient groups could be as high as 300 pg/mL. Controlling for the probability of a type I error at ␣ ϭ 0.05, analysis showed that up to 20 subjects in each group could be needed to give a power of 80% to detect a difference in ghrelin levels between one of the study groups and the normative value.
The primary outcome variables were measurements of TG and AG in each of the three groups. Serum ghrelin levels were compared between groups by Kruskal-Wallis nonparametric, one-way ANOVA, comparing all three groups as a whole. Comparison between individual groups to determine specific differences between groups 1 and 2, 1 and 3, and 2 and 3 was completed using a t test.
In addition, age-, race-, and gender-adjusted height, weight, and BMI z-scores were calculated for each patient in the study using the formula from the National Health and Nutrition Examination Survey. Comparison of height, weight, and BMI SDS to ghrelin levels was performed to determine whether they were independently associated with ghrelin levels.
Additional analysis was performed to determine whether there was a difference in IGF-1 and prealbumin levels among the three groups. Finally, subgroup analysis of ghrelin levels was performed to compare patients who were eventually given an underlying diagnosis. All data are reported as the mean Ϯ SEM.
RESULTS
Fifty-two patients were recruited into the study. Eleven had chronic gastrointestinal symptoms without growth issues (group 1). Eight patients had poor weight gain (failure-tothrive), with weight significantly more affected than height (group 2). Thirty-three patients had short stature, with height being more affected than weight or were proportionally small, with height and weight at similar percentiles (group 3). Except for two patients in group 1 and one in group 3, all patients were prepubertal. Demographic data for all patients, including mean height and weight SDS scores for each group, is summarized in Table 1 .
No difference was observed for mean fasting TG levels between groups 1, 2, and 3 (1157 Ϯ 105 pg/mL, 1264 Ϯ 245 pg/mL and 1063 Ϯ 77 pg/mL, respectively, p ϭ 0.217). These values are similar to those reported by Soriano-Guillén et al.
(894 Ϯ 26 pg/mL) for Tanner I normal children (15) .
However, mean fasting AG levels were significantly different for the three groups by ANOVA, with higher levels found in patients who had primarily poor weight gain (group 2, 465 Ϯ 128 pg/mL), versus those with isolated gastrointestinal symptoms (group 1, 176 Ϯ 37 pg/mL) and those with short stature (group 3, 190 Ϯ 34 pg/mL; p ϭ 0.021). Comparison between specific groups using t test confirmed a difference in mean AG levels only between groups 1 and 2 (p ϭ 0.023) and groups 2 and 3 (p ϭ 0.003) but not between groups 1 and 3. TG and AG values for all three groups are displayed in Figs. 1 and 2.
Prealbumin levels were 19.6 Ϯ 1.6 mg/dL, 23.3 Ϯ 1.5 mg/dL, and 21.8 Ϯ 1.5 mg/dL for groups 1, 2, and 3, respectively. Comparison among the three groups (1 versus 2, 1 versus 3, and 2 versus 3) showed no difference (p ϭ 0.14, p ϭ 0.37, and p ϭ 0.63, respectively). A comparison of all three groups is displayed in Fig. 3 . IGF-1 levels were significantly lower in patients with poor weight gain (group 2, 51.9 Ϯ 10.4 ng/mL) versus the short stature group (group 3, 122.9 Ϯ 15.2 ng/mL, p ϭ 0.02), as shown in Fig. 4 . However, all groups had normal range IGF-1 when adjusted for the mean age of their group. Comparison of height, weight, and BMI z-scores to TG and AG levels showed no correlation based on linear regression analysis.
Subgroup analysis was performed to compare ghrelin levels based on the eventual underlying diagnosis given to each patient. For diagnoses with a sufficient number of patients for analysis (growth hormone deficiency and idiopathic short stature), comparison of these patients with the means for their group showed no differences in mean TG or AG levels. Results from all patients given an underlying diagnosis are summarized in Table 2 .
DISCUSSION
Ghrelin, the natural ligand of the GHSR type 1A, was first discovered in 1999 (16) . In addition to being a potent stimulator of growth hormone release, premeal increases of circulating ghrelin suggest ghrelin plays a role as a hunger signal. AG triggers meal initiation, increasing food intake and activating brain appetite centers by acting mainly on the arcuate nucleus, stimulating neuropeptide Y and agouti-related protein neurons expressing the GHSR type 1A (17) (18) (19) (20) . Thus, ghrelin may not only have a role in triggering growth hormone release but could also contribute to positive energy balance by increasing appetite and that these effects, together or separately, could affect growth and weight gain.
Our clinical dilemma is that there is often much overlap in the clinical entities of poor weight gain, short stature, and normal variants of growth. Herein, we describe patients with poor weight gain as their presenting complaint as failure-tothrive, recognizing that many of these patients eventually have linear growth affected should they continue to gain weight poorly for prolonged periods of time. In addition, idiopathic short stature likely represents a combination of genetic and environmental factors, with many children growing poorly also having a history of poor appetite and being "picky eaters" (1, 21) . Depending on the primary concern of the parents and referring provider, patients may present for evaluation for one or all of these symptoms, creating a complex clinical dilemma. Ghrelin has the potential to link these diagnoses together, as alterations in circulating ghrelin levels could be hypothesized to affect appetite, linear growth, or both in this population of patients.
Our results show that TG levels do not differ in patients with poor linear growth, poor weight gain, or isolated gastrointestinal symptoms. This result is not surprising in that much of the growth hormone releasing and other endocrine actions of ghrelin are thought to be due to its acylated form (14, 20) .
We found that serum AG levels were significantly higher in patients with predominantly poor weight gain than in patients with poor linear growth. Previous studies have shown that circulating AG levels are increased by fasting and energy restriction and decreased by food intake (22) . Circulating ghrelin levels are also increased in adults with anorexia and cachexia, suggesting ghrelin secretion is up-regulated under conditions of negative energy balance (23) . This finding has been postulated to represent a compensatory response to poor caloric intake and may reflect a ghrelin-resistance syndrome in cachexia (24) . Our data show that despite often having symptoms of poor appetite and poor eating, children with poor weight gain have elevated fasting AG, reflecting a state of negative energy balance consistent with findings in cachectic adults.
As shown in one other study of children with idiopathic short stature (11), we found that children with elevated AG levels had the lowest IGF-1 levels (Fig. 4) . However, other studies of children with idiopathic short stature and growth hormone deficiency have failed to show any relation between IGF-1 and ghrelin levels (25) . In our study, despite similar prealbumin levels among the three groups (Fig. 3) , we believe that it would be premature to conclude that poor nutrition was not the underlying cause for the lower IGF-1 levels found in the poor weight gain grouping for a number of reasons. First, when adjusted for the mean age of the group, the mean IGF-1 in group 2 was at the lower end of normal, although a wide range for IGF-1 is seen at this age. We also studied only a small number of patients who were primarily underweight, many of whom also had poor linear growth. In addition, our patient population was not homogeneous and included patients with a number of different diagnoses. As our study was not designed to measure appetite and feeding behavior, we cannot distinguish among these or other possible explanations for how nutritional status may have affected IGF-1 and overall energy balance. Thus, the relationship between ghrelin and IGF-1 is still unclear.
Our data showed that height, weight, and BMI z-scores did not correlate with ghrelin levels, suggesting that there are clinically important differences in the presentation of the proportionally short and thin child versus a child who is only underweight. In fact, eight of the 33 patients in the short stature group (group 3) were found to have growth hormone deficiency based on growth hormone stimulation testing and/or MRI findings. Many of these patients were also underweight, but their mean AG levels were lower than the patients with isolated poor weight gain (Table 2) .
Although previous studies have shown that exogenous administration of growth hormone secretagogues can increase 24 h growth hormone secretion (26) , there is no convincing evidence to our knowledge that ghrelin is important for physiologic growth. Our study suggests that ghrelin levels do not correlate with linear growth and that elevated AG levels characterize isolated poor weight gain and not short stature in children. If the exact role of ghrelin in this and other conditions can be elucidated, ultimately there may be a role for ghrelin analogs in treating cachectic states, although circulating ghrelin levels are high in this situation. Animal studies have shown that exogenous ghrelin administration may be useful in restoring normal body weight (27, 28) . Limited data in humans treated with oral ghrelin mimetics show that growth hormone secretagogues can safely produce dose-related weight gain (29) and even increase hunger in anorexic patients, although not all patients with anorexia responded equally (30) . If it can be proven that children with poor weight gain have resistance to ghrelin that can be overcome, then we may have identified a cohort for future consideration of treatment with growth hormone secretagogues.
We conclude that poor weight gain in children is characterized by elevated fasting levels of AG compared with children with short stature or chronic gastrointestinal symptoms. Additional studies of ghrelin in normal and abnormal children are needed to further clarify its potential role in growth and energy balance.
